Collagen is the most abundant protein in the human body, endowed with a range of important properties including cohesion, elasticity, and regeneration of connective tissues.^[@ref1],[@ref2]^ Native collagen is composed of extended left-handed polyproline II triple helix polypeptide chains, arranged to form a right-handed superhelix.^[@ref2],[@ref3]^ The triple helical domains of collagens are rich in glycine (Gly), proline (Pro), and hydroxyproline (Hyp), thus polypeptides of Gly-Aaa-Aaa sequences that fold into triple helical structures have been extensively studied. The structural analysis of poly(Pro-Pro-Gly), reported by Yonath and Traub in 1969, closely resembles the basic characteristics of the collagen structure, as previously proposed by the Rich and Crick model of collagen II.^[@ref4],[@ref5]^ X-ray diffraction analysis of (Pro-Pro-Gly)~10~ peptide crystals subsequently reported by Okuyama *et al.* demonstrated clear evidence of helical symmetry.^[@ref6],[@ref7]^ Many sequential polytripeptides and oligopeptides composed of collagen-like Gly-Aaa-Aaa sequences have subsequently been widely reported. Some exhibited self-assembly capabilities and thus demonstrated potential use for collagen mimetic peptides in biomedical applications.^[@ref8]−[@ref12]^ However, to date, the shortest Gly-Aaa-Aaa tripeptide repeats shown to attain a helical conformation have contained 3--10 peptide repeats. These results imply that identifying the minimal peptide sequence able to adopt a polyproline II helical conformation is of great interest.

Supramolecular nanoassemblies designed and fabricated with noncoded amino acids offer a wide range of chemical diversity, biocompatibility, and biodegradability but are often limited by the chemical nature of the building blocks, resulting in mechanically inferior materials. Designing short collagen mimetic oligopeptides with the aim of developing functional supramolecular assemblies often depends on a trial-and-error approach of shuffling the positions of proline and hydroxyproline while keeping the Gly-Aaa-Aaa tripeptide backbone intact.^[@ref8]−[@ref12]^ Several studies have reported that tripeptides with proline or hydroxyproline in the backbone have the highest propensity to aggregate and could even achieve a superhelical assembly with mechanical rigidity comparable to that of collagen fibers.^[@ref13],[@ref14]^ However, these short peptide assemblies did not possess the characteristic canonical polyproline II architecture of collagen single strands.

Protein and peptide-based hydrogels possess unique biofunctionality, biocompatibility, and biodegradability that make them suitable for a wide range of applications. Among others, these include their use as scaffolds, for wound healing and tissue engineering, encapsulation and slow release of drugs and biomolecules, serving as templates for nanofabrication, and as catalysts for organic reactions.^[@ref15]−[@ref21]^ A prominent example is fluorenylmethoxycarbonyl-Phe-Phe (Fmoc-Phe-Phe), which forms a rigid biocompatible self-assembled scaffold, consisting of a fibrous network that is stable across a broad range of pH conditions and temperatures.^[@ref22],[@ref23]^ Furthermore, coassembly of two different building blocks into one ordered structure demonstrated improvements in the mechanical properties, stability, and biofunctionality as compared to hydrogels assembled from each of the individual components.^[@ref24]−[@ref31]^

This study describes the self-assembly of Fmoc-Gly-Pro-Hyp, a single collagen tripeptide repeating unit with N-terminus modification. The X-ray single-crystal structure of the peptide demonstrated left-handed polyproline II superhelical packing with head-to-tail H-bond interactions and an "aromatic zipper" arrangement at the molecular interface. Moreover, the coassembly of Fmoc-Gly-Pro-Hyp with the Fmoc-Phe-Phe peptide formed a hybrid hydrogel with distinctive properties, different from those of the Fmoc-Phe-Phe hydrogel. Microscopic and spectroscopic analysis demonstrated that the coassembled hydrogel forms twisted fibrils with polyproline II helicity to produce improved mechanical properties. Thus, incorporation of Fmoc-Gly-Pro-Hyp induced structural and conformational changes, resulting in a hybrid hydrogel displaying collagen polyproline II features. Thus, we achieve a polyproline II conformation by a simple coassembly of a noncollagenous hydrogel building block. These findings can be utilized to develop potential structural biomaterials with desirable properties.

Results and Discussion {#sec2}
======================

Design of a Collagen-Inspired Peptide {#sec2.1}
-------------------------------------

The high abundance of the Gly-Pro-Hyp triplet in native collagen sequences led us to explore the ability of this short tripeptide to self-assemble ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). However, the tripeptide is highly soluble in water and does not form crystals or self-assemble to form ordered nanostructures. Inspired by the high propensity of Fmoc-protected single amino acids and short peptides to self-assemble as a result of π-stacking interactions between the Fmoc moieties,^[@ref22],[@ref23],[@ref32]^ we further modified the tripeptide to produce Fmoc-Gly-Pro-Hyp ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Minimalistic Approach Designed to Develop Collagen-Mimicking Scaffolds\
Schematic illustration of the structural design of a collagen-mimicking minimal tripeptide and its coassembly to form a rigid hydrogel with a twisted architecture showing (1) collagen triplehelix, (2) tripeptide repeating sequence in each strand of the triple helix, (3) minimal repeating sequence Gly-Pro-Hyp in a collagen helix, (4) a single crystal unit of Fmoc-modified Gly-Pro-Hyp revealing the presence of a polyproline helix II conformation, (5) Fmoc-Phe-Phe, the rigid hydrogelator, coassembled with Fmoc-Gly-Pro-Hyp, (6) development of a coassembled hybrid hydrogel, Fmoc-Phe-Phe:Fmoc-Gly-Pro-Hyp, displaying a polyproline helix II conformation and twisted helical fibrils.](nn0c03085_0006){#sch1}

Crystallization and Structural Characterization of Fmoc-Gly-Pro-Hyp {#sec2.2}
-------------------------------------------------------------------

The Fmoc-Gly-Pro-Hyp formed crystals in a 2:1 MeOH/water solvent mixture at room temperature ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b). X-ray analysis of the molecular orientation and packing of the crystal structure of a single crystal of Fmoc-Gly-Pro-Hyp ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)) revealed one tripeptide molecule per asymmetric unit ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)), with a trans orientation of all three peptide bonds ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The crystal displayed an orthorhombic space group *P*2~1~2~1~2~1~ with *a* = 9.4887 Å, *b* = 9.8639 Å, *c* = 26.3497 Å, and α = β = γ = 90°. The torsion angles calculated around the Fmoc-Gly peptide residue gave values for the φ~1~ and ψ~1~ angles of −69.21 and +136.24°, followed by −66.2 and +150.3° for the Gly-Pro residue ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). These results suggest the presence of a left-handed polyproline II or collagen single-strand helix conformation, as observed in the Ramachandran plot ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)).

![Single-crystal of Fmoc-Gly-Pro-Hyp in MeOH/water solvent. (a) Peptide asymmetric unit. (b) Scanning electron microscopy image of the Fmoc-Gly-Pro-Hyp crystal. Scale bar: 10 μm. (c) Circular dichroism spectrum of the Fmoc-Gly-Pro-Hyp crystal suspension. (d) Fourier transform infrared spectrum of the Fmoc-Gly-Pro-Hyp crystal suspension.](nn0c03085_0001){#fig1}

Polyproline II helices have been reported to exhibit distinct spectral features in circular dichroism (CD) spectroscopy, with a negative peak around 200 nm and a positive peak around 220--230 nm.^[@ref2],[@ref10]^ CD investigation of the secondary structure of the Fmoc-Gly-Pro-Hyp crystal suspension indeed revealed a negative maximum at ∼202 nm and a positive broad peak in the range of 220--230 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c),^[@ref2],[@ref10]^ confirming a polyproline II helical structural arrangement. Fourier transform infrared (FTIR) analysis displayed an amide I band at ∼1650 cm^--1^ and a shoulder at 1692 cm^--1^, findings in accordance with the presence of a predominantly polyproline II helical conformation, supported by a β-turn and carbamate moiety ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

The molecular packing and higher-order organization of Fmoc-Gly-Pro-Hyp were assessed in a single crystal structure. Two types of H-bonds dictated the overall molecular arrangement: head-to-tail and side-by-side stacking. In the crystallographic *a*-direction, individual helical subunits ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) were connected through head-to-tail H-bonding between the −COOH group of the terminal Hyp residue of one molecule and the −NH group of the Gly residue of the next molecule (N1--H1···O5),^[@ref14],[@ref33]^ thus producing a single helical strand ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Proline rings generally adopt either a down puckering (C^γ^-endo) or an up-puckering (C^γ^-exo) conformation,^[@ref34],[@ref35]^ whereas Hyp always shows a strong propensity to adopt an up-puckering conformation in the collagen triple helix structure.^[@ref35],[@ref36]^ In the Fmoc-Gly-Pro-Hyp structure, both the Pro and Hyp residues adopted an up-puckering conformation with average χ~1~ (N--C~α~--C~β~--C~γ~) values of −31.41 and −30.20, respectively, in line with the preference for a collagen-like structure. Individual helical strands were connected to two similar adjacent helical strands through H-bond donation *via* the central amide groups, as shown from two different viewpoints in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf). These two interactions were mediated by one amide carbonyl group connecting with the −COOH group of the next molecule (O4···H6--O6) and the other interacting with the −OH part of the Hyp residue of another molecule (O3···H7--O7). Thus, the properties required to interact with adjacent helixes in order to fabricate a higher-order organization remain conserved in the short tripeptide module.^[@ref36],[@ref37]^ Notably, this packing pattern is quite different from the sheet-like structure observed for the tripeptide, Boc-Pro-Hyp-Gly-OBzl, the terminal-protected other minimal repeating unit found in collagen.^[@ref38]^ The differences in the molecular organization probably result from the major contribution of different terminal-protected groups. The asymmetric unit of Fmoc-Gly-Pro-Hyp does not include solvent molecules, with the −OH group playing a different role from that in previously reported structures.^[@ref39],[@ref40]^ In the *b*-direction, the trimeric units interact through similar H-bonds to produce helical sheets and thus facilitate the lateral growth of the structure ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). In the crystallographic *ac*-plane, the helical sheets are arranged such that the centers of the sheets are dominated by hydrophilic moieties, whereas the surfaces are decorated with the hydrophobic Fmoc ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![Single-crystal structure of Fmoc-Gly-Pro-Hyp. (a) Asymmetric unit. (b) Head-to-tail H-bonded elongation of a single helical chain along the crystallographic *a*-direction. (c) Side-by-side H-bond connection of a single helical chain with two nearby chains as viewed in the *ac*-plane. (d) Hydrophobic interaction between two nearby pairs of helical sheets. (e) Dry aromatic "zipper-like" stabilization of a pair of sheets (left), a top view (middle), and the formation of the elongated structure *via* alternative hydrophobic and hydrophilic interactions (right). For clear visualization, the peptide helix is superimposed over an ideal helical model in a--d. For clarity, the Fmoc group has been replaced by a yellow sphere in b--d. Nitrogen and oxygen heteroatoms are shown in blue and red, respectively.](nn0c03085_0002){#fig2}

Two adjacent helical sheets are separated from each other by a hydrophobic region. The dry aromatic "zipper-like" interactions between the Fmoc groups of two nearby sheets stabilize the higher-order arrangement and fabricate a layer-by-layer structure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d,e). Moreover, the lack of solvent layers between the helical sheets means that the structure can grow along the *a* and *b*-axes in both directions because the stacking distances are comparable. The elongation along the helical axis is represented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, with the hydrophobic and hydrophilic regions marked by different colors.

Formation of Hybrid Hydrogels {#sec2.3}
-----------------------------

The Fmoc-Phe-Phe peptide has previously been reported to form a fibrous hydrogel under physiological conditions.^[@ref22],[@ref23]^ We have recently demonstrated the ability of various Fmoc-protected amino acids and biopolymers to coassemble with Fmoc-Phe-Phe to produce hybrid hydrogels with adjustable mechanical properties and with higher stability and better biofunctionality than any of the individual component building blocks.^[@ref25],[@ref26],[@ref41]−[@ref44]^ Motivated by our previous work, here, we coassembled the Fmoc-Gly-Pro-Hyp peptide with Fmoc-Phe-Phe to form a hydrogel that combines the properties of the two peptides ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) were mixed 2:1, 1:1, and 1:2 by the solvent switch method in 5% DMSO solution in water. Inverted vials containing the resultant hybrid and the individual components are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, demonstrating the formation of stable transparent hydrogels. The gelation time decreased in a concentration-dependent manner as the Fmoc-Phe-Phe concentration increased. To quantify the kinetics of the coassembly process, we monitored the absorbance spectra of the different hybrid hydrogels over time at 400 nm. Whereas the absorbance of the Fmoc-Phe-Phe solution decreased within 5 min, to reach an optical density (OD) of 0.125, the hybrid hydrogels showed slower kinetic profiles, with the 2:1 and 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrids forming a clear hydrogel and reaching OD values of 0.125 and 0.186 after 10 and ∼15 min, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). In contrast, the 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid required a significantly longer time of ∼75 min to form a clear hydrogel and to reach an OD of 0.26 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Pristine Fmoc-Gly-Pro-Hyp did not form a gel under these conditions, and samples remained turbid until the appearance of white clusters that precipitated from the solution after 1 day. Scanning electron microscopy (SEM) and powder X-ray diffraction (PXRD) indicated these clusters to be Fmoc-Gly-Pro-Hyp crystals as they displayed a peak pattern similar to that of Fmoc-Gly-Pro-Hyp crystals obtained from the MeOH/water solvent ([Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Crystals observed in the 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogel after 5 days also displayed features similar to those of Fmoc-Gly-Pro-Hyp crystals as analyzed by SEM and PXRD ([Figure S4b,c](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). It can be assumed that excess Fmoc-Gly-Pro-Hyp building blocks that did not coassemble with Fmoc-Phe-Phe were deposited as crystals within the hydrogel.

![Coassembled hydrogel of Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp. (a) Molecular structure of the two Fmoc-Phe-Phe building blocks. (b) Inverted vials of the pristine and hybrid hydrogels. (c) Turbidity changes in the hydrogels over time (absorbance at 400 nm). SEM images of the studied hydrogels. (d) Fmoc-Phe-Phe, (e) 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (f) 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (g) 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (h) Fmoc-Gly-Pro-Hyp. Scale bar is 10 μm. Atomic force microscopy images of the studied hydrogels. (i) Fmoc-Phe-Phe, (j) 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (k) 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (l) 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp. Scale bar is 500 nm. Magnified insets of the fibrils in (m) Fmoc-Phe-Phe and twisted fibrils in (n) 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, (o) 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, and (p) 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp. Scale bar is 500 nm.](nn0c03085_0003){#fig3}

Ultrastructural Analysis of the Hybrid Hydrogels {#sec2.4}
------------------------------------------------

SEM analysis was also used to examine the ultrastructural morphology of the hybrid hydrogels. Pristine Fmoc-Phe-Phe hydrogels, as well as 2:1, 1:1, and 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogels, were observed to comprise several micrometer long entangled fibrils ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d--g). Interestingly, the helical fibrils of all three hybrid hydrogels were thicker in diameter than the Fmoc-Phe-Phe fibrils, which formed long nonhelical structures ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), whereas pristine Fmoc-Gly-Pro-Hyp formed crystals in flower-like clusters in a spherical arrangement ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h and [Figure S4a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). The helical fibrils observed in the hybrid hydrogels were further analyzed by atomic force microscopy (AFM). Whereas Fmoc-Phe-Phe formed several micrometer long nonhelical entangled fibrils, ∼10--20 nm in diameter ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i and [Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)), the three hybrid hydrogels contained several micrometer long twisted helical fibrils, ∼30--40 nm in diameter, as shown in the histogram plots of the fibrils ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}j--l and [Figure S5b--d](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). The formation of a bundled entangled network may explain the thicker fibrils observed by SEM in the hybrid hydrogels. Fibrils in the hybrid hydrogel displayed a morphology different than those in the individual Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp components. We hypothesize that the presence of the Fmoc moiety in the two peptides facilitates π-stacking interactions and plays a crucial role in producing and stabilizing a coassembled hybrid material with the characteristic twisted fibrillar features.

Secondary Structure Analysis of the Hybrid Hydrogels {#sec2.5}
----------------------------------------------------

The secondary structure of the helical fibrils observed in the coassembled gels was characterized by CD spectroscopy. The 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp exhibited an α-helical pattern with negative peaks at 204 and 218 nm, both shifted by 4 nm from the typical α-helical peaks of 208 and 222 nm, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). As the proportion of Fmoc-Gly-Pro-Hyp increased in the hybrid hydrogels, the CD spectroscopic patterns differed even more from a typical α-helix. Well-defined negative peaks at ∼200 nm and a positive peak at ∼220--230 nm were observed for the 1:1 and 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrids, which is a characteristic pattern previously reported for the polyproline II helix conformation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a).^[@ref2],[@ref45],[@ref46]^ The pure Fmoc-Phe-Phe gel showed no such helical pattern, although pure Fmoc-Gly-Pro-Hyp in DMSO/water did exhibit the polyproline II helix pattern ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Thus, CD spectroscopic analysis confirms that the hybrid hydrogels attain a secondary helical structure that changes from an α-helix to a typical polyproline-II-like pattern as the fraction of Fmoc-Gly-Pro-Hyp increases, probably reflecting the contribution of Fmoc-Gly-Pro-Hyp to the secondary structure. We studied the thermal transition of the hybrid hydrogels from 5 to 90 °C by CD spectroscopy by monitoring the change in the polyproline II conformation positive peak at 227 nm ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). The 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid showed no change in the peak intensity over the temperature range, whereas for the 1:1 and 1:2 hybrids, the 227 nm peak showed a transition from positive to negative intensity at 35 and 42 °C, respectively, in further agreement with the polyproline II pattern in the hybrids.^[@ref2],[@ref46],[@ref47]^

![Physicochemical characterization of the hydrogels. (a) CD spectra of the hydrogels. (b) FTIR spectra of the hydrogels. (c) Fluorescence emission spectra of the fluorenyl moiety of the multicomponent hydrogels at an excitation wavelength of 280 nm 3 h after gel formation (inset shows 6 nm shift in fluorescence spectra). (d) *In situ* time sweep oscillation measurements of hydrogel formation by pure Fmoc-Phe-Phe, 2:1, 1:1, and 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp, and Fmoc-Gly-Pro-Hyp. (e) Comparative study of the end point mechanical rigidity of the different types of hybrid hydrogels obtained from three repeats of experiment. (f) 2:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp self-supporting rigid hydrogel.](nn0c03085_0004){#fig4}

Following the CD spectroscopic analysis, we used FTIR to expand our understanding of the secondary structure of the hydrogels. The amide I region of the FTIR transmittance spectra of all hybrid hydrogels showed a distinct peak at ∼1650 cm^--1^ and a sharp peak at 1694 cm^--1^, suggesting that the hybrid hydrogels are rich in α-helix or polyproline II conformations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).^[@ref48],[@ref49]^ In contrast, the spectra of pure Fmoc-Phe-Phe revealed a β-sheet-rich structure with peaks at 1640 cm^--1^ and a hump at 1690--1710 cm^--1^, reflecting the π--π stacking interactions between the Fmoc moieties and the presence of a carbamate moiety ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).^[@ref25],[@ref49]^ FTIR analysis of pure Fmoc-Gly-Pro-Hyp crystals indicated a polyproline II conformation, with a peak at 1650 cm^--1^. Thus, CD and FTIR analyses confirm the polyproline II helix conformation of the hybrid hydrogels as a result of the Fmoc-Gly-Pro-Hyp contribution. CD and FTIR analysis were also used to compare the secondary structures of type I collagen and the coassembled hydrogels ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). The CD spectrum of collagen showed the characteristic negative maximum at ∼202 nm and a positive broad peak in the range of 220--230 nm, indicative of a polyproline II helical conformation. The amide I band at ∼1650 cm^--1^ in FTIR analysis further implied the presence of a predominantly polyproline II helical arrangement in collagen. The results from the designed coassembled hydrogels are therefore very similar to those produced by the polyproline II conformation in collagen.

Spectroscopic and Rheological Characterization {#sec2.6}
----------------------------------------------

The coassembled hybrid hydrogels were also analyzed by fluorescence spectroscopy. Photoluminescence analysis of the hydrogel formation was performed at two different time points, at the initiation of gelation (time point 0) and 180 min after completion of the process. At time point 0, all of the hybrid hydrogels showed a characteristic peak at ∼342 nm, which is typical of the fluorenyl peak ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Interestingly, after 3 h, we could observe a ∼6 nm red shift in the peak maxima of all hybrid hydrogels, from 342 to 348 nm, which was not observed in the pristine Fmoc-Phe-Phe hydrogel or in the Fmoc-Gly-Pro-Hyp crystal solution ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). This small red shift suggests additional stacking between the fluorenyl moieties, possibly as a result of the coassembly.^[@ref50]^

The mechanical properties of the hybrid hydrogels were characterized by rheological analysis. Dynamic strain sweep (at 1 Hz frequency) over a range of 0.01--100% strain showed a wide linear viscoelastic region (LVR) in all hybrid hydrogels, indicating stable gel formation ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). All of the hybrid hydrogels showed an LVR of up to 10% strain ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Frequency sweep analysis for the coassembled 2:1, 1:1, and 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hydrogels was performed at the LVR from oscillatory sweep, using a frequency range of 0.1--100 Hz ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Time sweep oscillatory measurements over 3 h, performed at a fixed strain of 0.1% and frequency of 1 Hz ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), produced end point storage modulus values of ∼24,000, ∼7000, and ∼1100 Pa for the 2:1, 1:1, and 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogels, respectively, compared to the ∼8000 Pa value for the pristine Fmoc-Phe-Phe hydrogel. This suggests that the rigidity of the hybrid hydrogels decreases as the proportion of Fmoc-Gly-Pro-Hyp increases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). The initial rise in the rheological curves suggests the process of gel formation. However, the point where the gelation process and rigidification are complete, that is, the time in which the storage modulus *G*′ reaches its plateau, is a much longer process (∼45 to 60 min) for all hybrid hydrogels. The low storage modulus obtained for the 1:2 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid is in accordance with the SEM and AFM analyses, showing a less entangled fibrillary network in this material. Thus, the coassembly of 2:1 Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp gives rise to a rigid hybrid hydrogel, with a storage modulus that is ∼3-fold higher than that of the pristine Fmoc-Phe-Phe gel at the same concentration (24,000 *versus* 8000 Pa). In order to demonstrate that the improved mechanical rigidity of the multicomponent hydrogel can be attributed solely to the different concentrations of Fmoc-Phe-Phe in the hybrid hydrogels, we performed time sweep analyses of Fmoc-Phe-Phe hydrogels with different compositions. The results gave *G*′ values of ∼1100, ∼650, and ∼400 Pa for the pure 0.33, 0.25, and 0.17 wt % Fmoc-Phe-Phe hydrogels, respectively. These values are considerably lower than those obtained from their hybrids with Fmoc-Gly-Pro-Hyp ([Figures S11](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf) and [4](#fig4){ref-type="fig"}e) and emphasize the importance of stacking interactions between the Fmoc moieties of Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp in the improved rigidity of the self-supporting coassembled hybrid hydrogels ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f).

Confirmation of Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp Coassembly {#sec2.7}
------------------------------------------------------------

The coassembly of Fmoc-Phe-Phe and Fmoc-Gly-Pro-Hyp was further analyzed by chemical identification using ToF-SIMS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref29],[@ref51]^ The positive secondary ion C~8~H~10~N^+^ 120 *m*/*z* was indicative of the presence of Fmoc-Phe-Phe ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,d), whereas the positive ion C~4~H~8~N^+^ 70 *m*/*z* was chosen for Fmoc-Gly-Pro-Hyp ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,e). ToF-SIMS analysis of the chemical composition of the thin dried bundled fibrils formed by the coassembled 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hydrogel revealed the presence of peaks at both 120 and 70 *m*/*z*, confirming the presence of both moieties ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). Chemical ion mapping was performed by assigning different colors to selected specific ions from the mass spectra and observing their location over a precise area of the fibrils. The significant presence of yellow dots over the mapped area confirms the colocalization of both C~8~H~10~N^+^ (green dots) and C~4~H~8~N^+^ (red dots) at the same point ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f). These results also confirm that the 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hydrogel indeed comprises of a coassembly of the two peptide molecules.

![ToF-SIMS analysis of the chemical composition of the 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogel. (a--c) ToF-SIMS mass spectrometry analysis. (d--f) Chemical ion maps. (a,d) Fmoc-Phe-Phe, (b,e) Fmoc-Gly-Pro-Hyp, (c,f) 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogel. Scale bar represents 100 μm.](nn0c03085_0005){#fig5}

Formation of Fmoc-Phe-Phe/Gly-Pro-Hyp Hybrid Hydrogels {#sec2.8}
------------------------------------------------------

We developed hybrid hydrogels by mixing the nonprotected Gly-Pro-Hyp and Fmoc-Phe-Phe in the same ratios used for Fmoc-Phe-Phe/Gly-Pro-Hyp ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). All combinations formed a clear gel, as shown in [Figure S11b](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf), and their ultrastructure was characterized by SEM and AFM ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). All three hybrid hydrogels exhibited long nonhelical fibrils ([Figure S11c--h](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). PXRD analysis indicates that Gly-Pro-Hyp alone does not form crystals in DMSO/water or MeOH/water solvents ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). The FTIR spectra of the hybrid hydrogels showed an extended band in the range of 1600--1700 cm^--1^ with peak maxima at 1640 cm^--1^, suggesting a β-sheet structure as the major component ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Photoluminescence analysis of all the Fmoc-Phe-Phe/Gly-Pro-Hyp hybrid hydrogels at 0 and 180 min of gelation did not reveal any spectral shift ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Interestingly, the storage modulus values of the 2:1, 1:1, and 1:2 hybrid hydrogels (∼800, ∼700, and ∼450 Pa, respectively) are similar to those of pristine Fmoc-Phe-Phe at the same concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [Figure S11b](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)).

We also analyzed the 1:1 Fmoc-Phe-Phe/Gly-Pro-Hyp hydrogel by ToF-SIMS. The positive secondary ion C~14~H~11~^+^ 179 *m*/*z* was characteristic of the Fmoc-Phe-Phe hydrogel, and the positive ion C~4~H~8~N^+^ 70 *m*/*z* was chosen for Gly-Pro-Hyp, as shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf). In the chemical mapping, C~14~H~11~^+^ 179 *m*/*z* (green dots) and C~4~H~8~N^+^ 70 *m*/*z* (red dots) showed distinct, non-overlapping distributions, indicating that Gly-Pro-Hyp does not coassemble with Fmoc-Phe-Phe ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf)). Taken together, these results strongly suggest that Gly-Pro-Hyp does not coassemble with Fmoc-Phe-Phe and support the finding that the coassembly of Fmoc-Gly-Pro-Hyp with Fmoc-Phe-Phe is primarily driven by aromatic interactions mediated by the Fmoc groups. These give rise to the formation of a hybrid hydrogel with distinct features, including twisted helical fibrils with a polyproline II conformation, as found in a single helical strand of collagen.

Conclusion {#sec3}
==========

Here, we describe the design and development of a Fmoc-modified form of a tripeptide module that is common in collagen. Single-crystal X-ray structural analysis of the peptide demonstrated superhelical packing with a polyproline II helical structure. The Fmoc modification facilitated the coassembly of this tripeptide, Fmoc-Gly-Pro-Hyp, with a well-established dipeptide hydrogelator, Fmoc-Phe-Phe, to produce a hybrid hydrogel comprising twisted helical fibrils. These display the characteristic polyproline II conformation with improved mechanical rigidity. This demonstration of a collagen-inspired polyproline II structural arrangement achieved by such a short peptide sequence is highly interesting. Moreover, the ability to introduce the polyproline II conformation, characteristic of native single strand, collagen into a hybrid hydrogel by a simple coassembly approach has enormous potential in the design of materials including scaffolds for tissue regeneration.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Lyophilized peptides Fmoc-Phe-Phe-OH (Fmoc-Phe-Phe), Fmoc-Gly-Pro-Hyp-OH (Fmoc-Gly-Pro-Hyp), and free H-Gly-Pro-Hyp-OH were purchased from Bachem (Budendorf, Switzerland). Bovine collagen type I was purchased from Sigma-Aldrich.

Crystal Preparation and Data Collection {#sec4.2}
---------------------------------------

Crystals used for data collection were grown using the slow evaporation method. The Fmoc-Gly-Pro-Hyp peptide was first dissolved in MeOH/DMSO at a concentration of 5 mg/mL, and 50 μL aliquots were deposited into a series of 8 × 40 mm vessels. Water was added dropwise until the solution became faintly turbid. At this point, each tube was sealed with parafilm, into which a needle was used to prick three small holes. The samples were left on the bench at room temperature, and crystals grew within 7--8 days. For data collection, crystals were coated in Paratone oil (Hampton Research), mounted on a MiTeGencryo-loop, and flash-frozen in liquid nitrogen. Crystal data were obtained for Fmoc-Gly-Pro-Hyp at 100 K on a RigakuXtaLab^Pro^ diffractometer equipped with λ(Cu Kα) = 1.54184 Å radiation and a Dectris Pilatus3R 200 K-A detector. The data were processed with CrysAlisPro programs (RigakuOD). The structure was solved by direct methods with SHELXT-2016/4 and refined with full-matrix least-squares refinement based on *F*^2^ with SHELXL-2016/4. The crystallographic data have been deposited in the Cambridge Crystallographic Data Centre (CCDC) under no. 1962894 and are presented in [Supporting Information Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf).

Single and Hybrid Hydrogel Preparation {#sec4.3}
--------------------------------------

Peptide hydrogels were prepared at a concentration of 5 mg/mL. Fmoc-Phe-Phe, Fmoc-Gly-Pro-Hyp, or Gly-Pro-Hyp powder was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mg/mL until a transparent solution was obtained. Single peptide hydrogels were prepared by adding 50 μL of the DMSO stock solutions to 950 μL of double distilled water under a vortex. Fmoc-Phe-Phe/Gly-Pro-Hyp and Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp coassembly solutions were prepared by combining the two peptides stock solutions at molar ratios of 2:1 (33.4 and 16.6 μL), 1:1 (25 and 25 μL), and 1:2 (16.6 and 33.4 μL), respectively. The coassembled solutions were then diluted in 950 μL of double distilled water under a vortex to a final concentration of 5 mg/mL.

Absorbance Kinetics of the Formation of Gels {#sec4.4}
--------------------------------------------

Samples of 150 μL of each hydrogel were transferred into a 96-well plate. Absorbance at 400 nm was measured every 5 min using a TECAN Infinite M200PRO plate reader for a total of 24 h.

High-Resolution Scanning Electron Microscopy {#sec4.5}
--------------------------------------------

Samples of Fmoc-Phe-Phe, Fmoc-Gly-Pro-Hyp, Gly-Pro-Hyp, and the coassemblies were placed on glass slides and left to air-dry under ambient conditions. Samples were then coated with Au for conductance and viewed using a scanning electron microscope (JEOL, Tokyo, Japan) operating at 20 kV.

Atomic Force Microscopy {#sec4.6}
-----------------------

Single peptide and coassembled hydrogels were prepared at a concentration of 5 mg/mL. AFM images were obtained by depositing 5 μL solutions of the hydrogels onto freshly cleaved V1 grade mica (Ted Pella) immediately after preparation. The samples were allowed to dry under ambient conditions for 24 h. The samples were imaged using AFM (JPK Instruments AG) performed with Nano Wizard 3 with 5 N/m spring constant tips and a resonance frequency of ∼150 kHz in soft tapping mode. AFM analysis was performed on three different areas for each sample, and the fibril diameter was measured using the ImageJ program choosing a population of 10 fibrils from each area. The images were processed and analyzed by JPK Data Processing software.

Circular Dichroism Spectroscopy {#sec4.7}
-------------------------------

Single peptide suspension, coassembled hydrogels, prepared at concentrations of 5 mg/mL, and bovine collagen solution type I from Sigma were characterized by CD spectroscopy. CD spectra were collected using a Chirascan spectrometer (Applied Photophysics) fitted with a Peltier temperature controller set to 25 °C and quartz cuvettes with an optical path length of 0.1 mm (Hellma Analytics). Absorbance was kept within the linear range of the instrument during measurements. Data acquisition was performed in steps of 1 nm in a wavelength range of 190--260 nm with a spectral bandwidth of 1.0 nm and an averaging time of 3 s. The spectra of each sample were collected three times and averaged. The baseline was similarly recorded for the DMSO/water solvent (5%) and subtracted from the sample spectra. Data processing was performed using the Pro-Data Viewer software (Applied Photophysics). CD spectra of Fmoc-Gly-Pro-Hyp solution in 2:1 MeOH/water solvent were similarly acquired with a baseline correction of the 2:1 MeOH/water solvent and subsequently subtracted from the sample data. For temperature scan CD analysis, coassembled hydrogels were prepared at concentrations of 5 mg/mL, and using quartz cuvettes with an optical path length of 0.1 mm, the change in the 227 nm peak was observed over a temperature range of 5--90 °C.

Fourier Transform Infrared Spectroscopy {#sec4.8}
---------------------------------------

Single peptide, coassembled hydrogels, prepared at concentrations of 5 mg/mL, and bovine collagen solution type I from Sigma were characterized by FTIR spectroscopy. FTIR spectroscopy was performed using a portion of pre-prepared samples of gels and hybrids, prepared as described above, 4 days after the initiation of assembly. The samples prepared in 5% DMSO/water by combining the two peptide stock solutions at molar ratios of 2:1 (33.4 and 16.6 μL), 1:1 (25 and 25 μL), and 1:2 (16.6 and 33.4 μL), respectively, for Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp and Fmoc-Phe-Phe/Gly-Pro-Hyp coassembled gels; Fmoc-Phe-Phe (5 mg/mL), Gly-Pro-Hyp (5 mg/mL), Fmoc-Gly-Pro-Hyp (5 mg/mL in DMSO/water solvent), and Fmoc-Gly-Pro-Hyp (5 mg/mL) in 2:1 MeOH/water solvent were deposited on disposable KBr IR sample cards (Sigma-Aldrich, Israel), which were then allowed to dry under vacuum. Transmission infrared spectra were collected using a Nexus 470 FTIR spectrometer (Nicolet, Offenbach, Germany) with a deuterated triglycine sulfate detector. Measurements were performed using the atmospheric suppression mode by averaging 64 scans at 4 cm^--1^ resolution.

Fluorescence Spectroscopy {#sec4.9}
-------------------------

The emission spectra of the gels were recorded using a Horiba JobinYvon FL3-11 fluorimeter (Horiba JobinYvon, NJ, USA). A quartz cuvette with an optical path length of 1 cm was used. The gels were assembled within the cuvette, and the spectrum was collected. The experiments were carried out using an excitation wavelength of 280 and 5 nm excitation and emission slits.

Rheology Analysis {#sec4.10}
-----------------

Rheological analysis was performed using an AR-G2 rheometer (TA Instruments, USA). A sample of approximately 250 μL of freshly prepared hydrogel sample was placed on a flat-plate geometry with a 20 mm diameter with a solvent trap. A gap distance of 0.6 mm was used, and time sweep oscillatory tests were conducted at room temperature. In order to determine the linear viscoelastic region at which the time sweep oscillatory tests were performed, oscillatory strain (0.01--100%) and frequency sweeps (0.1--100 Hz) were conducted 1 h after sample placement (soak time). *G*′ and *G*″, the storage and loss moduli, respectively, were obtained at 1 Hz oscillation and 0.1% strain deformation for each sample. Results are reported as the end point storage modulus values of the hydrogels with standard deviations obtained from triplicate repeats of each measurement.

ToF-SIMS Analysis {#sec4.11}
-----------------

A thin fibril of 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogel was prepared between two thin capillaries and dried. The dried fibril was deposited on a silicon wafer and analyzed by a PHI model 2100 TRIFT II ToF-SIMS instrument. The system used a pulsed primary ion beam to desorb and ionize species from the amino acids' surface. The resulting secondary ions were accelerated into a mass spectrometer, where they were mass analyzed by measuring their time-of-flight from the sample surface to the detector. In addition, an image was generated by rostering a finely focused beam across the sample surface. Due to the parallel detection nature of ToF-SIMS, the entire mass spectrum was acquired from every pixel in the image. The ions related to 120 and 70 *m*/*z* were used to identify and evaluate the ionic image of the coassembled 1:1 Fmoc-Phe-Phe/Fmoc-Gly-Pro-Hyp hybrid hydrogel. The ions related to 179 and 70 *m*/*z* were used to identify and evaluate the ionic image of the coassembled 1:1 Fmoc-Phe-Phe/Gly-Pro-Hyp hybrid hydrogel. The mass spectrum and the secondary ion images were then used to determine the composition and distribution of sample surface constituents.

Powder X-ray Diffraction {#sec4.12}
------------------------

Single peptide solutions and coassembled hydrogels were prepared at a concentration of 5 mg/mL. Samples (200 μL) were deposited on glass slides immediately after preparation and allowed to dry under ambient conditions for 2 days. The X-ray diffraction pattern was collected using a Bruker's D8 Discover diffractometer; the used setup was a *q*:*q* Bragg--Brentano geometry, the source was copper anode, and the detector was a LYNXEYE XE linear detector. The diffraction patterns were collected between 4 and 40°2*q* with a step of 0.02°2*q* for 1 s per step.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c03085](https://pubs.acs.org/doi/10.1021/acsnano.0c03085?goto=supporting-info).Single-crystal XRD of a Fmoc-Gly-Pro-Hyp crystal; side-by-side H-bond interaction of a single crystal of Fmoc-Gly-Pro-Hyp; interaction of trimeric units through H-bonds in single-crystal Fmoc-Gly-Pro-Hyp; SEM images of Fmoc-Gly-Pro-Hyp crystals and XRD of coassembled hydrogel; hydrogel fibril diameter determination by histogram plots from an AFM image; thermal transition of circular dichroism analysis of the coassembled hydrogels; CD and FTIR spectra of collagen; fluorescence emission spectra of the multicomponent hydrogels; rheological frequency sweep analyses; rheological strain sweep analyses; *in situ* time sweep oscillation measurements of hydrogel formation; molecular structure of the two building blocks, Fmoc-Phe-Phe and Gly-Pro-Hyp; inverted vials of the single and hybrid hydrogels; SEM and AFM images of the studied hydrogels; PXRD characterization of dried Gly-Pro-Hyp in MeOH/water; FTIR spectra of the hydrogels formed by Fmoc-Phe-Phe and Gly-Pro-Hyp; fluorescence emission spectra of the hydrogels formed by Fmoc-Phe-Phe and Gly-Pro-Hyp; ToF-SIMS mass spectrometry analysis of the hydrogels formed by Fmoc-Phe-Phe and Gly-Pro-Hyp ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_001.pdf))X-ray crystallographic data for Fmoc-Gly-Pro-Hyp ([CIF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03085/suppl_file/nn0c03085_si_002.cif))
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